Introduction
Morphogenesis of epithelial cells is involved in organogenesis during embryonic development, organ regeneration, and metastasis of carcinoma cells. The remodeling of apical junctions leading to apical constriction or anisotropic rearrangement of apical junctions was shown to drive epithelial morphogenesis during gastrulation, planar cell intercalation, and elongation in a number of genetic models from the nematode to the mouse (Munjal and Lecuit, 2014) . Junction shrinkage has been mostly investigated during epithelial cell intercalation leading to the elongation of Drosophila melanogaster germ band (Lecuit and Yap, 2015) . Myosin II and its upstream regulator, the RhoA effector ROCK, play a central role in these processes through the regulation of cadherin endocytosis from the adherens junctions (Bertet et al., 2004; Levayer et al., 2011; Yashiro et al., 2014; Collinet et al., 2015) . Epithelial morphogenesis was also shown to involve the formation of basolateral protrusions in a polarized manner. These protrusions have been proposed to set the polarity of elongation/intercalation in nematodes, arthropods, and mice (Heid et al., 2001; Ewald et al., 2008; Georgiou and Baum, 2010; Williams et al., 2014; Walck-Shannon et al., 2015) . Studies using epithelial cell culture and developmental systems revealed that myosin contraction at the apical junctions and at the protrusions, which constitute the principal motors for cellshape changes during morphogenesis, depends on the activation of two main pathways controlled by the Rho GTPases Rac1 and RhoA (Vaezi et al., 2002; Yu et al., 2003; Vargo-Gogola et al., 2006) . Interestingly, pathways involving these two GTPases tend to function in an antagonistic manner (Chauhan et al., 2011; Guilluy et al., 2011; Vlachos and Harden, 2011) . For instance, this antagonism was shown to generate distinct and mutually exclusive Rac1 and RhoA subcellular compartments in placode cells, controlling invagination of the epithelium during lens development in mice (Chauhan et al., 2011) . It was also shown to allow invasive carcinoma cells to switch between a Rac1-dependent mesenchymal to a RhoA-dependent amoeboid invasion mode in response to increased stiffness of cell environment (Yamazaki et al., 2009) . Recent studies using automated single-cell analysis demonstrated that switching between Rac1 and RhoA programs enables cells of an isogenic population to move within a defined landscape composed of several discrete shapes (Yin et al., 2013; Sailem et al., 2014) . Importantly, these studies suggested that this morphological heterogeneity may facilitate population-level behavior and survival when exposed to environmental changes (Yin et al., 2013; Sailem et al., 2014) . Although cell-to-cell heterogeneity within an isogenic population of mesenchymal cells is now well accepted, the presence of such heterogeneity between cells of a polarized epithelium
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has not yet been observed. Intriguingly, columnar epithelial cells display an evolutionarily conserved distribution of polygonal shapes, with a peak of 40 to 45% hexagons (Lewis, 1928; Gibson et al., 2006; Gibson and Gibson, 2009) . A recent study using human keratinocytes revealed that this rate of hexagons depends on deterministic instead of stochastic mechanisms and, more particularly, on cell-cell junction remodeling by the RhoA effectors ROCK1 and ROCK2 (Kalaji et al., 2012) . Overall, these studies suggest that distribution of shapes within an epithelium may depend on signaling pathways previously shown to control epithelial morphogenesis. Consequently, they raise an important and still unaddressed question: does Rac1/ RhoA antagonism, which controls both epithelial morphogenesis and cell-to-cell heterogeneity within populations of mesenchymal cells, also define cell-to-cell heterogeneity during epithelial morphogenesis?
Embryonic elongation, a developmental stage of epidermal morphogenesis in Caenorhabditis elegans, is divided into an early and a late phase. Early elongation consists in a reduction of the diameter of the embryo and its elongation along its anteroposterior axis. At that stage, the hypodermis is composed of dorsal, lateral, and ventral hypodermal cells (Costa et al., 1998) . Early elongation was proposed to result from the apical constriction of lateral hypodermal cells (Priess and Hirsh, 1986; Keller, 2006; Diogon et al., 2007) . Rac1-and RhoA-like pathways involving the Rac/Cdc42 regulator and effector PIX-1/β-PIX and PAK-1/PAK1 and the RHO-1/RhoA effector LET-502/ ROCK, respectively, were shown to control early elongation in parallel (Piekny et al., 2003; Gally et al., 2009; Martin et al., 2014) . The RHO-1/LET-502 pathway is expected to be active in lateral cells and inactive in dorsal and ventral cells because of the expression of a RHO-1-specific GTPase-activating protein, RGA-2, in the latter cells (Diogon et al., 2007) . The cells expressing active PIX-1 and PAK-1 are still unknown. This pathway was, however, suggested to mostly control morphogenetic processes at the anterior part of the embryo (Martin et al., 2014) . Altogether, these studies suggest that the hypodermal cells may use different combinations of Rac1/RhoA signaling pathways along the dorsoventral and anteroposterior axes of the embryo during early elongation.
We used a quantitative imaging approach to characterize early elongation at a single-cell level. This study reveals that the PIX-1/PAK-1 pathway controls the remodeling of apical junctions and the formation of basolateral protrusions in dorsal anterior cells, whereas LET-502 controls similar processes in lateral cells. We also show that cells can switch between Rac1-like and RhoA-like morphogenetic programs upon genetic alteration of let-502, pix-1, or pak-1. We propose a model in which cellautonomous Rac1/RhoA antagonism defines the morphogenetic program adopted by polarized epithelial cells and controls cell-to-cell heterogeneity during epithelial morphogenesis.
Results

Hypodermal cells follow different morphogenetic programs during early elongation
We used a quantitative imaging method to better assess the spatial distribution of cellular and molecular processes controlled by PIX-1/PAK-1 and LET-502 during early elongation. This method uses high-resolution four-dimensional confocal microscopy to measure the extent and nature of the deformation (elongation or shrinking) of cell-cell junctions between hypodermal cells during early elongation. These measurements were done in transgenic animals expressing the junction marker AJM-1::GFP and the F-actin-binding probe VAB-10(ABD)::mCherry in the hypodermis. AJM-1 is a protein partner of DLG-1/MAG UK/Discs large, being part of the apical junctional DLG-1/AJM-1 complex (Pásti and Labouesse, 2014) . These transgenic animals displayed elongation rates and morphology similar to those of wild-type (wt) embryos during early elongation (Fig. S1 ).
AJM-1::GFP allowed us to measure the length of the transversal junctions between lateral anterior cells (TLA; Fig. 1, A and B, light red) and lateral posterior cells (TLP; Fig. 1 B, dark red) ; between dorsal anterior cells (TDA; Fig. 1 , A and B, green) before and after fusion of dorsal 1 and 2 cells; and between ventral anterior cells (TVA; Fig. 1, A and B, light blue) and ventral posterior cells (TVP; Fig. 1 (LDP, orange) and between lateral and ventral anterior cells (LVA, light purple) and ventral posterior cells (LVP, dark purple). The average deformation (AD; in micrometers per minute) was computed for groups of junctions (Fig. 1, B 
and C).
Positive AD values indicate that junctions elongate, whereas negative values indicate that junctions shrink during early elongation. Note that although TLA junction L2 (Fig. 1 A) displayed a constant deformation rate throughout early elongation (Fig. S3) , we cannot exclude the possibility that this might not be the case for all cell-cell junctions in different genetic backgrounds. The deformation measured here may consequently slightly differ from the deformation rate of junctions at given times during morphogenesis.
This analysis revealed that TLA ( Fig. 1 B, light red) shrank 2.5-fold faster than TLP ( Fig. 1 B, dark red) . In contrast, TVA ( Fig. 1 B , light blue) shrank 3.5-fold less than TVP (dark blue). A small elongation was also measured for TDA ( Fig. 1 B , green) . Because dorsal posterior cells fuse during early elongation, AD could not be measured for the transversal junction between dorsal posterior cells (TDP; Fig. 1 B) . These results suggest that the reduction of the head width of the embryo is mostly associated with the shrinking of transversal junctions of lateral hypodermal cells. However, these data also suggest that morphogenesis of the posterior part of the embryos depends on the shrinking of the transversal junctions of both lateral and ventral cells. These data deviate from the accepted model, suggesting that ventral cells may passively contribute to early elongation (Diogon et al., 2007) .
When considering the deformation of cell-cell junctions between anterior cells individually ( Fig. 1 D) , we identified two set of junctions that are semi-aligned or aligned along the dorsoventral axis of the embryo (Fig. 1, A and D) : the D1/L1/ V1 junctions linking dorsal 1/2, lateral H1, and ventral 18/19 to their anterior neighbors and the junctions D2/L2/V2 linking those cells with their posterior neighbors (Fig. 1 A) . Interestingly, these junctions appear to deform differently. For example, the D2 junctions elongate significantly less than D1 (t test, P = 0.004; Fig. 1 D) . These data suggest that cell-cell junctions between dorsal 1/2 and their anterior and posterior neighbors use different morphogenetic mechanisms.
LET-502 and PIX-1/PAK-1 control morphogenesis in different subsets of hypodermal cells
The results support the hypothesis that hypodermal cells follow different morphogenetic programs during early elongation. To better understand the genetic basis of this heterogeneity, we measured the AD of groups of hypodermal cell-cell junctions in embryos carrying the strong loss-of-function let-502(sb118ts) thermosensitive allele and grown at the restrictive temperature of 25.5°C, in let-502(RNAi) and wt animals (Fig. 2, A and B, left and middle). We also computed the relative deformation rate (RDR) for individual junctions of mutant/RNAi-treated animals compared with wt (see Materials and methods; Fig. 2 , A and B, right). When considered at the organism level, let-502(RNAi) and let-502(sb118ts) embryos grown at 25.5°C displayed similar elongation defects (Fig. S4) . They also displayed similar ADs and RDRs compared with wt (Fig. 2, A and B) , consisting in a significant reduction of the shrinking of TLA, TLP, and TVP compared with wt animals (t test, P < 0.045; Fig. 2, A and B ). This analysis also revealed that the RDRs (relative to wt) of these junctions were similar (∼1.3) in let-502(sb118ts) and let-502(RNAi) embryos (Fig. 2, A and B, right) . This suggests that let-502 controls the shrinking of transversal membranes of lateral and ventral posterior cells in a manner similar to that previously suggested (Martin et al., 2014) .
We also measured AD and RDR for cell-cell junctions in embryos carrying pix-1(gk416) and pak-1(ok448) null alleles (Fig. 2, C and D) . These embryos displayed a significantly increased RDR over wt only at the anterior part of the embryos, consisting in the elongation of TDA and TVA junctions (t test, P < 0.01; Fig. 2 , C and D). These results support previous studies suggesting that the pix-1/pak-1 pathway controls early elongation mostly at the anterior part of the embryo (Martin et al., 2014) . Note that D2/V2 junctions display higher RDRs than D1/V1 (Fig. 2, C and D, right), suggesting that morphogenetic differences observed for the anterior and posterior junctions of H1 lateral cells (Fig. 1 D) are also observed at dorsal and ventral cells and involve the function of pix-1 and pak-1.
Altogether, these data suggest that let-502 controls the deformation of transversal junctions of anterior and posterior lateral cells and ventral posterior cells, whereas pix-1 and pak-1 control the deformation of transversal junctions of dorsal and ventral anterior cells. These data also suggest that whereas let-502 controls junction shrinking similarly in lateral (anterior and posterior) and ventral posterior cells, pix-1 and pak-1 function in a more spatially restricted manner, with a prominent function observed at the D2/ V2 transversal junctions. let-502 and pix-1/pak-1 pathways control the reorganization of apical junctions in distinct sets of hypodermal cells Junction shrinking has been described in D. melanogaster to result from cortical contraction of myosin and assembly of higher-order complexes of junction proteins and their endocytosis (Bertet et al., 2004; Rauzi et al., 2008) . Because myosin contraction was proposed to occur downstream of LET-502 mainly in lateral cells during early elongation in C. elegans (Diogon et al., 2007) , we assessed whether PIX-1 and PAK-1 may control myosin contraction in dorsal and ventral cells and formation of higher-order complexes of junction proteins leading to cell-cell junction deformation. The anisotropy of fluorescently tagged junction proteins-the ratio of the maximal versus the minimal intensity of fluorescence measured along the junctions-was shown to correlate significantly with myosin-dependent tension applied to the junctions in mammalian systems (Engl et al., 2014) . We thus measured the anisotropy of AJM-1::GFP at the transversal lateral junctions of wt embryos (Fig. 3, A and B) . This revealed that AJM-1::GFP anisotropy significantly negatively correlated with the shrinking rate of these junctions (Spearman correlation coefficient = −0.98; P = 3.9 × 10 −4 ; Fig. 3 B ). To assess whether the level of AJM-1::GFP anisotropy depends on the tension applied to the junction, we measured this anisotropy at the lateral anterior transversal junctions (L1, L2, and L3) in wt embryos and embryos carrying a thermosensitive allele of the myosin heavy-chain coding gene nmy-2(ne1490ts), at both permissive and restrictive temperature (18°C and 25°C, respectively; Fig. 3 , A and C). This study revealed that AJM-1::GFP anisotropy was significantly reduced at the junctions upon inactivation of nmy-2 (Fig. 3 , A and C). Although the structure of the apical junction may be only indirectly modified by myosin contraction, these data identify AJM-1::GFP anisotropy as a powerful metric to measure myosin contraction-dependent remodeling of apical junctions during early elongation.
AJM-1::GFP anisotropy was measured for the transversal junctions between anterior hypodermal cells in wt, let-502(RNAi), pix-1(gk416), and pak-1(ok448) embryos (Fig. 4) . This anisotropy was significantly reduced at D2 junctions between dorsal cells in pix-1(gk416) and pak-1(ok448) but not let-502(RNAi) embryos (Fig. 4 A) . In contrast, it was significantly reduced at L1 and L2 junctions between lateral cells in let-502(RNAi) but not pix-1 and pak-1 mutants (Fig. 4 B) . No significant variation of AJM-1::GFP anisotropy was observed at ventral anterior junctions of tested animals (Fig. 4 C) . These data suggest that pix-1 and pak-1 control the D2 junction remodeling between anterior dorsal cells, whereas let-502 controls the L1 and L2 junction remodeling between lateral anterior cells.
Dorsal and lateral hypodermal cells produce convergent lamellipodia and amoeboid-like protrusions during early elongation
Epithelial morphogenesis was shown to involve the formation of basolateral protrusions during both dorsal intercalation and ventral enclosure in C. elegans (Williams-Masson et al., 1997 . However, the potential involvement of such protrusions during early elongation has never been investigated. The mammalian orthologs of PIX-1 and PAK-1 were shown to control formation of actin-rich protrusions during cell migration (Nayal et al., 2006) . To better characterize the function of these genes during early elongation, we assessed whether they may be involved in the formation of basolateral protrusions by hypodermal cells. To do so, photobleaching of the F-actin-binding probes VAB-10(ABD)::mCherry in a selected subset of cells was used to observe the formation of protrusions by different groups of hypodermal cells. This revealed that dorsal 1/2 cells (Fig. 1 A) produce polarized and highly dynamic lamellipodia-like protrusions toward the lateral H1 cells (Fig. 5 A) . This study also revealed that lateral H2 cells produce a unique protrusion toward the dorsal cells (Fig. 5 B) . To better characterize the morphology of the latter protrusion, we expressed a photoconvertible fluorescent protein, Kaede (Ando et al., 2002) , in the hypodermis. Pulses of blue-light illumination of H2 lateral cells induced the photoconversion of Kaede GFPs into strong RFPs (Fig. 5 C) . This spectral isolation of the H2 cell confirmed that it produces a unique, deep protrusion toward the dorsal cells, which displays a thin neck emerging from the cell body (Fig. 5, C and D, arrow) followed by a deep cytoplasmic extension (Fig. 5, C and D, arrowhead) in which was transferred part of the cytoplasm (Fig. 5 E; and Video 1). Such features were observed for amoeboid protrusions used by macrophage and invasive carcinoma to migrate (Carr et al., 2013) . As observed in the latter cells (Wyckoff et al., 2006; Ma and Baumgartner, 2013) , F-actin accumulated at the neck between the cell body of H2 and the protrusion as well as at the leading edge of the protrusion (Fig. 5 F) . NMY-2::GFP also appeared to accumulate along the apical edge of this protrusion (Fig. 5 G) .
In summary, these data suggest that dorsal cells produce large, flat lamellipodia-like protrusions toward the lateral cells, whereas H2 lateral cells produce deep amoeboid-like protrusions toward the dorsal cells. No protrusion was observed between lateral and ventral cells.
pix-1/pak-1 and let-502 control the formation and shape of lamellipodia and amoeboid-like protrusions, respectively
We subsequently assessed whether pix-1, pak-1, and let-502 control the protrusive activity of dorsal and lateral hypodermal cells. To do so, we measured the size of the protrusions produced by dorsal and lateral cells in wt embryos. Protrusions formed by dorsal cells spread along the longitudinal junction between dorsal 1/2 and lateral H1 cells. Therefore, we normalized the length of the protrusion on the length of this junction (see Materials and methods). The resulting spreading rate of the protrusions was significantly reduced in pix-1(gk416), pak-1(ok448), and let-502(RNAi) embryos compared with wt (Fig. 6 , A and C). We also assessed the distribution of the protrusions along the longitudinal junction (see Materials and methods; Fig. S5 ). This revealed that protrusions disappeared specifically at the posterior part of this junction in pix-1(gk614) and pak-1(ok448) embryos (Fig. 6 D) , suggesting that pix-1 and pak-1 control the formation and spreading of protrusions produced by dorsal cells specifically toward the posterior part of H1 lateral cells.
We characterized the protrusive activity of lateral cells by measuring the area covered by the protrusion on a z-stack projection (Fig. 7 A, white dashed line). This measurement revealed that the protrusion produced by H2 was significantly more spread in let-502(RNAi) embryos compared with wt and pix-1(gk416) embryos (Fig. 7, A and B) . A slight but significant increase of the protrusion surface was also observed in pak-1(ok448) embryos. However, the latter surface increase did not correlate with the increase of spreading of the protrusion along the anteroposterior axis as observed for let-502(RNAi) animals (Fig. 7 A) , suggesting that deletion of pak-1 did not significantly change the morphology of the protrusion produced by the lateral cells. Interestingly, the surface of this protrusion was significantly reduced in nmy-2(ne1490ts) at 25°C compared with wt (Fig. 7, B and D) . This suggests that myosin activity is required for the formation and spreading of this protrusion.
Altogether, these data suggest that let-502 controls the morphology of the amoeboid-like protrusions produced by H2 cells, whereas pix-1 and pak-1 control the formation and the polarity of lamellipodia produced by dorsal cells. let-502 may also control part of the protrusive activity of dorsal cells uniformly along the longitudinal junctions between dorsal and lateral cells. These data also show that myosin activity is required for the formation of the amoeboid protrusion produced by lateral cells. Altogether, these data suggest that pix-1/pak-1 and let-502 control the formation of convergent protrusions along the aligned D2/L2 junctions and that their functions are prominent in either dorsal or lateral cells. The fact that both protrusive activity and remodeling of apical junctions of lateral cells are dependent on LET-502 suggests that lateral cells adopted a LET-502 program to control molecular and cellular events involved in early elongation. Similar reasoning applies for dorsal cells and PIX-1/PAK-1. These data do not, however, establish whether protrusion formation and remodeling of apical junctions are functionally linked to one another or are parallel and independent processes.
pix-1 and pak-1 functions contribute to the reduction of AJM-1::GFP anisotropy at D2/L2 vertex D2 and L2 junctions display faster shrinking rates (Fig. 1 D) and more elevated myosin-dependent apical remodeling than D1 and L1 (Fig. 4, A and B) , suggesting that the vertex located at the intersection of these junctions (D2/L2 vertex) is subjected to a higher tension than the D1/L1 vertex (Fig. 8, A and B) . Considering that pix-1/pak-1 and let-502 control the formation of convergent protrusions along the aligned D2/L2 junctions, we assessed whether the formation of these protrusions may impact differently on the tension applied on D1/L1 and D2/L2 vertices. Consistent with the tension being higher at vertices compared with other locations of cell-cell junctions (black line; Fig. 8 C) , AJM-1::GFP local anisotropy was significantly higher at D1/ L1 and D2/L2 vertices when considering the junction between these vertices. AJM-1::GFP local anisotropy was also reduced at both vertices in a similar manner in nmy(ne1490ts) embryos at restrictive temperature (25°C) and in let-502(RNAi) embryos (Fig. 8, C and D, gray and green lines, respectively; t test, P ≤ 8 × 10 −5 ). AJM-1::GFP local anisotropy was reduced to a lower extent at D1/L1 vertex in pak-1(ok448) (Fig. 8, C and D, red line; t test, P = 0.011). Interestingly, the anisotropy was significantly increased only at D2/L2 in pix-1(gk416) (Fig. 8, C and D, blue line; t test, P = 3 × 10 −5 ) and to a lower extent in pak-1(ok448) compared with wt (Fig. 8, C and D, red line; t test, P = 0.016). If we postulate that AJM-1::GFP anisotropy increases at the cell-cell junctions in response to increased tension applied on the junctions, these data suggest that NMY-2 and LET-502, and to a lesser extent PAK-1, increase the tension applied on both D1/L1 and D2/L2 vertices, which is consistent with their expected function on myosin contraction (Piekny et al., 2003; Gally et al., 2009 ). These data also suggest that the function of PIX-1 and, to a lesser extent, PAK-1 tends to decrease the tension applied on D2/L2 vertex. This hypothesis links mechanistically the regulation of apical remodeling that is dependent on myosin contraction and the formation of basolateral protrusions controlling the tension building at these junctions. Reduction of tugging forces applied on the D2/L2 vertex using laser-cutting of the L2 junction has been attempted to further test this hypothesis. Unfortunately, the embryo ruptures immediately after the junction is cut. Although appealing, this hypothesis remains consequently to be confirmed using an experimental system enabling the modulation of tugging forces applied to vertices without altering the molecular machines controlling the formation of protrusions or the integrity of the embryo.
Cell-autonomous antagonism between let-502 and pix-1/pak-1 controls the switch between Rac1-and RhoA-like morphogenetic programs
We subsequently assessed whether the cell-to-cell heterogeneity observed in hypodermis during early elongation depends on a cell-autonomous antagonism between the Rac1 and RhoA pathways, as shown for isogenic populations of mesenchymal cells in vitro (Sailem et al., 2014) . To do so, we assessed whether knockout of pix-1 or pak-1 induces a switch of the morphogenetic program adopted by dorsal cells toward let-502. Therefore, we measured the anisotropy of AJM-1::GFP at D1 and D2 junctions between dorsal cells in pix-1(gk416); let-502(RNAi) and pak-1(ok448); . This analysis revealed that let-502(RNAi); pix-1(gk416) displayed significantly lower AJM-1::GFP anisotropy at D2 than pix-1(gk416) embryos (t test, P = 0.019; Fig. 9 A) . Similar, although less significant, results were obtained when comparing pak-1(ok448); let-502(RNAi) and pak-1(ok448) (t test, P = 0.046; Fig. 9 A) . No significant difference was observed for D1. These data suggest that let-502 controls the remodeling of D2 apical junctions in the absence of pix-1 and to a lesser extent in the absence of pak-1.
Similarly, we assessed whether the knockdown of let-502 may switch lateral cells from a RhoA-to a Rac1-like program. To do so, we measured AJM-1::GFP anisotropy at L1 and L2 junctions in pix-1(gk416); let-502(RNAi) and pak-1(ok448); . This analysis revealed that pak-1(ok448), but not pix-1(gk416), slightly but significantly reduced AJM-1::GFP anisotropy at L2 junction of let-502(RNAi) embryos (t test, P = 0.03; Fig. 9 B) . No significant difference was observed for these mutants at L1. This suggests that pak-1 has a significant function in the remodeling of L2 but not L1 apical junctions upon let-502 knockdown.
To better understand the mechanisms underlying this switch between RhoA-and Rac1-like programs, we further characterized the structure of apical junctions through measurement of AJM-1::GFP cluster density (see Materials and methods; Fig. 9 C) . This revealed that L2 displayed a significant increase of AJM-1 cluster density in let-502(RNAi) compared with wt, pix-1(gk416), and pak-1(ok448) (t test vs. wt, P = 0.001; Fig. 9, C and D) . This increase was maintained in pak-1(ok448); let-502(RNAi) and completely suppressed at L2 junctions in pix-1(gk416); let-502(RNAi) embryos (t test vs. let-502, P = 0.004; Fig. 9 C) . Similar trends, but no significant effects, were observed at L1 junctions. Because identification of protein clusters at cell-cell junctions requires high accumulation levels of these proteins, this analysis could not be done for junctions between dorsal cells.
Together, these data suggest that lateral hypodermal cells switch from a RhoA-like program to a Rac1-like program involving pix-1 and pak-1 upon functional alteration of let-502. In these conditions, pix-1 controls AJM-1 cluster density and pak-1 controls the AJM-1::GFP anisotropy at L2 junctions between lateral cells. These data also suggest that in the absence of let-502, pix-1 and pak-1 control the remodeling of L2 but not L1 junctions.
These data suggest that the adoption of a RhoA-like program by lateral cells depends on the inhibition of pix-1 and pak-1 by let-502. let-502 is expected to control early elongation mainly through activation of myosin contraction at the apical junctions of hypodermal cells (Piekny et al., 2000) . The function of pix-1 and its homolog β-PIX were shown in both C. elegans and mammals to be regulated by mechanical stimuli (Zhang et al., 2011; Plutoni et al., 2016) . We consequently assessed whether LET-502 may indirectly inhibit PIX-1 through its function on myosin contraction. To test this possibility, we measured AJM-1 cluster density at L2 junctions in nmy-2(ne1490ts) embryos at permissive (18°C) and restrictive (25°C) temperatures (Fig. 9, B-D) . No significant difference of AJM-1::GFP cluster density was observed in these conditions compared with wt animals, suggesting that LET-502 inhibits PIX-1 in lateral cells, independently from its function on NMY-2.
We also assessed whether the switch between morphogenetic programs controlling apical junction remodeling is associated with a change of protrusion morphology. The spreading rate and the anteroposterior distribution of the protrusions produced by dorsal cells in let-502(RNAi); pix-1(gk416) were similar to those measured in pix-1(gk416) embryos (Fig. 6 , B and C), suggesting that let-502 does not control the formation and polarity of protrusions produced by these cells in the absence of pix-1. However, the overspread protrusion produced by the lateral H2 cell in let-502(RNAi) animals was inhibited in more than 50% (n = 10) of pix-1(gk416); let-502(RNAi) embryos (Fig. 7 , B and C). These data suggest that pix-1 controls the morphology of protrusions produced by lateral cells in let-502(RNAi) embryos. The low penetrance of this inhibition by pix-1(gk416) also suggests that pix-1 controls the morphology of these protrusions, in parallel with genes that remain to be identified. Unfortunately, the level of F-actin detected by the VAB-10(AB-D)::mCherry probe in pak-1(ok4480); let-502(RNAi) embryos was too low to assess the morphology and spreading of protrusions produced by dorsal and lateral cells in these animals. Altogether, these data suggest that PIX-1 controls the formation of protrusions at lateral cells in the absence of LET-502, but that LET-502 does not control the formation of protrusion by dorsal cells in the absence of PIX-1. To explain these results, we may hypothesize that LET-502 is not active enough in dorsal cells, even in the absence of PIX-1, to promote the formation of amoeboid protrusions, or that LET-502 is missing some functionality to enable the formation of polarized protrusions in these cells.
Discussion
Antagonism between Rac1 and RhoA has been shown to control different morphogenetic processes during embryonic development, the activation of these GTPases being restricted to mutually exclusive subcellular or sequential compartments (Duan et al., 2010; Chauhan et al., 2011) . We used a quantitative imaging approach to characterize the function of the RhoA-like rho-1/let-502 and the Rac1-like pix-1/pak-1 pathways at the single-cell level during early elongation in C. elegans. This study revealed that pix-1 and pak-1 are mainly involved in the remodeling of apical junctions between dorsal and ventral anterior cells, whereas let-502 controls the remodeling of apical junctions between lateral cells and between ventral posterior cells. This study also revealed that dorsal and lateral anterior cells produce basolateral protrusions in a polarized and convergent manner: dorsal cells produce flat lamellipodia-like protrusions toward the lateral cells, and lateral cells produce deep amoeboid-like protrusions toward the dorsal cells. Intriguingly, this study also suggests that pix-1/pak-1-dependent protrusions produced by dorsal cells may reduce the tension building between dorsal and lateral cells during early elongation. Because tension building at apical junctions is associated with the remodeling of these junctions, the latter hypothesis may mechanistically link the formation of basolateral protrusions by a cell and the remodeling of its apical junctions. Importantly, this study proposes that adoption by the cells of either a pix-1/ pak-1 (Rac1-like) or a let-502 (RhoA-like) program defines their morphology and behavior during morphogenesis (Fig. 10) . Therefore, cell-autonomous antagonism between pix-1/pak-1 and let-502 defines cell-to-cell heterogeneity during epidermal morphogenesis, enabling cells to switch between programs when one of these genes gets genetically compromised (Fig. 10, B and C) . pix-1/pak-1 and let-502 pathways, while being antagonistic at a single-cell level, function in a synergistic manner when considered at the organism level, presumably as a result of the cooperation of cells during elongation.
Remodeling of apical junctions uses either LET-502 or PIX-1/PAK-1
Results obtained here are in agreement with previous studies showing that PIX-1 and PAK-1 control early elongation in parallel with LET-502 (Gally et al., 2009; Martin et al., 2014) and predominantly function at the anterior part of the embryo (Martin et al., 2014) . During D. melanogaster development, DPAK/ PAK-1 was shown to control salivary gland lumen size through modulation of myosin-dependent endocytic processes (Pirraglia et al., 2010) . A similar function was also reported for ROK/ LET-502 during germ-band extension in that organism (Bertet et al., 2004) . Remodeling of apical junctions through the regulation of myosin-dependent endocytosis by PIX-1/PAK-1 or LET-502 is an attractive hypothesis that will provide a mechanistic link between apical junction remodeling and junction shrinking.
It still needs to be tested during early elongation in C. elegans.
This study also revealed that although both PIX-1 and PAK-1 control the anisotropy of AJM-1::GFP at the apical junctions between dorsal cells, they tend to display distinct molecular functions at the apical junctions between lateral cells in the absence of LET-502. For instance, in the latter conditions, PAK-1 controls AJM-1::GFP anisotropy at apical junctions, whereas PIX-1 controls AJM-1::GFP cluster density (Fig. 10) . That PIX-1 and PAK-1 may have common and independent functions during morphogenesis has already been suggested (Martin et al., 2014) . We cannot exclude the possibility, however, that PIX-1 and PAK-1 may function redundantly with genes that remain to be identified in lateral cells.
Basolateral protrusions may reduce the tension building at cell-cell junctions during morphogenesis
Basolateral protrusions produced by epithelial cells during morphogenesis have been described as motor structures enabling directional cell movement (Heid et al., 2001; Farooqui and Fenteany, 2005; Zallen, 2007) . The protrusions produced by dorsal and lateral cells during early elongation, identified here, are not associated with any notable relative displacement of these cells within the epithelium. Although the function of these protrusions is still unclear, this study suggests that formation of pix-1-and pak-1-dependent lamella may reduce the tension applied on the D2/L2 vertex (Fig. 8) . Such a hypothesis is in agreement with recent studies showing that forces applied on cell-cell junctions are counterbalanced by traction forces produced by protrusions and biased away from this interface (Liu et al., 2010; Maruthamuthu et al., 2011; Weber et al., 2012) . We hypothesize that PIX-1/PAK-1-dependent lamellae generate traction forces at the D2/L2 vertex in the opposite direction from that of forces produced by the PIX-1/PAK-1 pathway controlling D2 shrinking. Forces produces by these protrusions may consequently reduce the tugging forces applied to this vertex (Fig. 8 B) . Note that all data obtained in this study involving protrusion formation revealed a prominent role played by PIX-1 over PAK-1, suggesting that PAK-1 may function in parallel to a gene that remains to be identified downstream of PIX-1 (Fig. 10 D) . Supporting the involvement of PIX-1 in this process, β-PIX/PIX-1 has been identified as a mechanotransducer in both mammals and C. elegans (Kuo et al., 2011; Vicente-Manzanares et al., 2011; Zhang et al., 2011; Plutoni et al., 2016) .
No experimental evidence helped us to assess the function of the amoeboid-like protrusions produced by lateral cells. The location of this protrusion along the D2/L2 transversal junction, which is supposed to be subjected to the highest level of myosin contraction, is intriguing, however, because amoeboid protrusions were shown to form at a region where the membrane is weakly attached to the cortex as a result of changes in cortical myosin contractions (Charras et al., 2005) .
Antagonism between RhoA-like and Rac1-like programs define cell-to-cell heterogeneity during epidermal morphogenesis Mutual inhibition between Rac1 and RhoA allows the cell to switch between biochemical processes associated with different cellular phenotypes (Jilkine et al., 2007; Symons and Segall, 2009; Tsyganov et al., 2012) . It also allows the cell to make a discrete decision when exposed to environmental fluctuation while ensuring robustness of cellular behavior (Byrne et al., 2016) . Antagonism between Rac1 and RhoA allows the mutually exclusive activation of these GTPases during cell migration and organogenesis (Jilkine et al., 2007; Pertz, 2010; Guilluy et al., 2011; Semplice et al., 2012) . Interestingly, in carcinoma cells, the mutual inhibition of Rac1 and RhoA controls the morphological switch enabling cells to use either lamellae-driven (Rac1 program) or amoeboid-driven (RhoA program) migration (Ohta et al., 2006; Saito et al., 2012; Nakamura, 2013) . Altogether, these studies are consistent with data reported here showing that cells produce either lamellipodia-like protrusions in a PIX-1/PAK-1-dependent manner or amoeboid-like protrusions in a LET-502-dependent manner.
Several mechanisms involving regulators and effectors of RhoA and Rac1 have been involved in the mutual inhibition of these GTPases, as reviewed by Guilluy et al. (2011) . Data presented here suggest that PIX-1, PAK-1, and LET-502 control Rac1/RhoA antagonism during embryonic elongation. In the absence of PIX-1 or PAK-1, LET-502 partially restores apical junction remodeling between dorsal cells. The partial compensation provided by LET-502 in these conditions suggests that PIX-1 and PAK-1 may only partially contribute to the inhibition of LET-502 function in dorsal cells. The current study also suggests that LET-502 inhibits PIX-1 and PAK-1 in the lateral cells during early elongation. ROCK/LET-502 and β-PIX/PIX-1 have been shown to be involved in RhoA-dependent inactivation of Rac1 in mammalian cells, ROCK function displacing β-PIX from focal adhesion complex during junction maturation (Kuo et al., 2011; Vicente-Manzanares et al., 2011) .
Collectively, these data suggest that epithelial cells can adopt either RhoA or Rac1 morphogenetic programs that are associated with morphologically distinctive properties despite being fully polarized, cohesive, and cooperative during morphogenesis. These are quite novel and provocative results that could explain the evolutionarily conserved cell-shape heterogeneity observed in animal and plant epithelia. This study also suggests that morphogenetic processes should be characterized at a single-cell level, to assess whether cell-to-cell heterogeneity during epithelial morphogenesis is a specific characteristic of C. elegans hypodermis or an evolutionarily conserved characteristic of epithelial cell type.
Materials and methods
Strains and culture methods
Control N2 (wt) and other animals were maintained using standard culture conditions at 20°C (Brenner, 1974) . Worm strains carried the following mutations and markers. pix-1(gk416) X (VC863), pak-1(ok448) X (RB689), jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV (SU93), mcIs40 (ML916), and unc-119(ed3) were obtained from the Caenorhabditis Genetic Center. Mutant strains were backcrossed at least three times against wt animals before analysis. Strains carrying let-502(sb118) I; jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV, nmy-2(ne1490ts); jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) was generated after crossing ML916 males with SU93 hermaphrodites. pix-1(gk416) X, jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV; mcIs40 , and pak-1(ok448) X; jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV; mcIs40 were generated after crossing jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV; mcIs40 :GFP] hermaphrodites with pix-1(gk416) X or pak-1(ok448) X males. unc-119(ed3); jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV was generated by crossing unc-119(ed3) hermaphrodites with jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV males. animals were generated by biolistic bombardment. The expression vector used to generate this transgene was made using MultiSite Gateway technology (Invitrogen). pCG150 destination vector (Addgene) was recombined with a pDON RP4P1R vector containing 5 kb of the lin-26 promoter (lin-26p; Martin et al., 2014) , a pDONR201 containing the coding sequence for KAE DE protein amplified from Kaede-N1 (Addgene), and a pCM5.37 containing the unc-54 3′UTR (Addgene). This construct was used to generate transgenic animals by biolistic bombardment of unc-119(ed3) strain, using a PDS-1000/He system with the Hepta adaptor (Bio-Rad Laboratories) with the following parameters: 4-mm distance between the exits of the Hepta adaptor gas splitter and macrocarriers, 20-mm distance between stopping screens and target shelf, 1,350-psi rupture disks, and vacuum at 28 inches of mercury (Berezikov et al., 2004) . Transgenic animals expressing AJM-1::GFP together with KAE DE were obtained through crossing unc-119(ed3); jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV hermaphrodites with unc-119(ed3); sajIs50 males.
Generation of transgenic animals
RNA interference treatment
pL4440 constructs containing the let-502 coding sequence were retrieved from the genome-wide library (Kamath and Ahringer, 2003) and confirmed by sequencing. HT115 bacteria transformed with pL4440 vectors were plated on LB medium with ampicillin (30 µg/ml) and tetracycline (30 µg/ml) and grown overnight at 37°C. The next day, isolated colonies of HT115 clones were picked and grown overnight in LB ampicillin (30 µg/ml). RNAi expression was induced by IPTG (30 µg/ml) for 1 h at 37°C. 700 µl bacterial culture was pelleted and resuspended in 300 µl S-basal medium with ampicillin (30 µg/ml) and IPTG (30 µg/ml) and put in a 24-well plate. 150-200 L1 worms synchronized through hypochlorite treatment were resuspended in 200 µl S-basal medium and incubated with 300 µl induced bacteria at 20°C for 48-60 h before microscopy analysis.
Measurement of cell-cell junction deformation
Images used to measure membrane deformation were captured using an A1R confocal microscope (Nikon) equipped with 60× oil CFI NA 1.4 Plan Apochromat λ objective. 60 z-planes (top and bottom defined to record throughout the entire embryo) were acquired per embryo with a calibration of 0.12 µm/pixel and a z-step of 0.4 µm. z-stacks were captured at the beginning of the early elongation (t 0 ) and after 15 to 20 min, making sure that the last recording was done before the beginning of late elongation, the time point when body wall muscles start to contract. Deformation of cell-cell junctions was measured using Vaa3D software (Peng et al., 2010) . To do so, z-stack acquisitions were resampled using a factor of 0.3 to obtain cubic voxels (0.12 × 0.12 × 0.12 µm), enabling accurate measurement of cell-cell junctions using the 3D reconstruction of image stacks. Cell-cell junction lengths at t 0 (L 0 ) and after 15 to 20 min (L end ) were measured (in pixels) between each vertex identified in the 3D reconstruction. The deformation (D) of a junction x in a mutant m was computed as follows: Note that all junctions could not be measured for each embryo because of their orientation; however, a minimum of five embryos was used to measure the deformation of each cell-cell junction for this study.
Measurement of AJM-1::GFP anisotropy
Acquisitions recorded for membrane deformation were also used to measure AJM-1::GFP anisotropy. ImageJ software was used to generate a z-projection of 15-20 upper stacks. Fluorescence intensity plot profiles were drawn for each cell-cell junction between vertices using the segmented line tool. The minimum (I min ) and maximum (I max ) intensity were thus extracted from these profiles for each junction, and the anisotropy (A) of AJM-1::GFP accumulated at this junction was computed as previously reported (Engl et al., 2014) , using A = I max /I min .
The local anisotropy (LA(x)) at a given location x along the cellcell junction considers the fluorescence intensity of AJM-1::GFP at position x (I x ) and the minimum intensity (I min ) measured for this junction as follows: LA(x) = I x /I min .
Measurement of protrusion surface, spreading, and polarity
Image acquisitions to measure protrusion formation by hypodermal cells were done on wt and mutant animals expressing jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006) ] IV; mcIs40 :GFP] embryos using both Nikon A1R confocal and swept-field confocal microscopes with a 100× oil CFI NA 1.45 Plan Apochromat λ objective. The Nikon A1R confocal was used to photobleach F-actin binding probe in cells surrounding the cell of interest. Photobleaching used several stimulations at 100% power efficiency of 488-and 561-nm laser. F-actin binding probe and AJM-1::GFP were then recorded in unbleached cells using the swept-field confocal microscope by capturing 15 z-planes with 0.400-µm z-intervals every 40 s for 7 min (for protrusions produced by the lateral cells toward the dorsal cells) or 20 min (for protrusions produced by dorsal and ventral cells toward the lateral cells). The length of the protrusions formed by the dorsal cells was measured using ImageJ software, as well as the length of the cell-cell junction between D1/ L1 and D2/L2 vertices. The spreading rate of the protrusions produced by dorsal cells was then calculated as the length of protrusions versus the length of the measured cell-cell junctions. Considering the peculiar morphology of the amoeboid-like protrusion produced by the lateral cells, we measured the surface covered by this protrusion on a z-projection of the image stack as shown in Fig. 7 . The spreading rate of the protrusion produced by dorsal cells was measured at 24 time points per embryo for four different embryos. The surface of protrusions produced by lateral cells was measured at nine time points per embryo for five different embryos.
To measure the polarity/distribution of the protrusions produced by the dorsal cells, we divided the cell-cell junction located between the D1/L1 and D2/L2 vertices into 10 equal sections. We identified the presence of the protrusion at each section at 24 different time points for four different embryos. We subsequently computed the distribution as the percentage of positive events per measurement per section as indicated in Fig. S5 .
Statistical analyses
Two-tailed Student t test computed using Excel tools was used to assess the statistical significance of differences observed between populations of measurements done on embryos with different genotypes. Normal distributions of our data were assessed using Lilliefors test (http ://in -silico .net /tools /statistics /lillieforstest). Fisher's exact test (computed using R statistical tools, Bioconductor) was used in Fig. 6 D to assess the significance of the reduction or of the increase of the number of protrusions observed at a given section along the cell-cell junction between dorsal 1/2 and lateral H1 cells for a given mutant compared with wt embryos. Spearman correlation coefficients and associated p-values were computed using R statistical tools (Bioconductor).
Online supplemental material Fig. S1 shows that ajm-1::GFP; vab-10(ABD)::mCherry-carrying embryos develop as wt animals. Fig. S2 shows the step-by-step method to quantify junction elongation rates. Fig. S3 shows the deformation rate of transversal L2 junctions measured for four different wt embryos. Fig.  S4 shows that let-502(RNAi)-treated animals display defects similar to those of let-502(sb118ts) mutants grown at nonpermissive temperature. Fig. S5 shows the method used to quantify the distribution of protrusions along the junction between D1/L1 and D2/L2 vertices. Video 1 shows the transfer of H2 cytoplasm to the amoeboid protrusion.
